Abstract-We introduce metrics on sensorimotor experience at various temporal scales based on informationtheory. Sensorimotor variables through which the experience of an agent flows are modeled as information sources in the sense of Shannon information theory. Information distance between the constellation of an embodied agent's sensorimotor variables at different moments in time can be taken variable-by-variable or between entire sets of such variables to yield two classes of metrics on sensorimotor experience: the temporal experiential information distance and the Hausdorff metric on experience. Unlike mutual information, these measures each satisfy the metric axioms and thus induce a geometry on the space of experiences with the same temporal scope. Continuity of maps between experiential spaces as well as robotic applications and extensions are discussed.
Motivation
Enactive and dynamical systems views of interaction of embodied organisms, robots, and agents suggest that development and learning can be viewed in dynamical terms as the activity over time of dynamical systems structurally coupled to their environment, including the social environment [5, 18, 15, 3, 8, 2] . This activity is understood via transitions between various kinds of interaction patterns representing characteristic "attractors" in the space of dynamical behaviours, as is the growth of the set of possible interactions and behaviours in the unfolding of a dynamical system corresponding to the agent in the course of its ontogeny. Exploration of this high-dimensional space, involving re-experiencing, predicting and varying actions in familiar behaviours is seen as the means to scaffold the agent's development and learning. How can we begin to realize this in artificial agents such as robots?
Sensorimotor Experience
Sensorimotor experience of embodied agents has however remained an imprecise notion. Efforts at characterizing agent-environment interactions show that it is possible to do so quantitatively using information-theoretic measures [17, 12, 16, 11, 6] . Consideration of sensorimotor variables modeled as random variables has also recently allowed for the import of much stronger mathematical techniques into this area the theory of metric spaces, by using the the information distance between pairs of sensorimotor information sources [12, 11, 6, 4] . Information distance between such sources, defined as their joint entropy minus their mutual information, satisfies the axioms for a metric under the identification of informationally equivalent sources [1] .
Here we consider metrics on experience naturally derived from information distance, not on single information sources, but on constellations of them comprising the collection of variables describing sensorimotor an agent's connection with the world.1 Intuitively, we consider all the sensorimotor variables of an organism or agent -the sensor and effector variables the agent can "read" or "set" -as information source random variables. Locally in time for a particular agent-environment interaction, this set of random variables has certain information-theoretic characteristics that can be estimated from the joint distributions of frequencies of the particular values coming from these sensorimotor variables in parallel. Considering temporal window sizes of different sizes (temporal horizon), the frequency distributions of this collection of sensorimotor variables within the temporal horizon correspond to estimates of the grounded experiences of the agent within bounded regions of time. We define mathematical metrics between such experiences that allow us to consider temporally extended sensorimotor experiences as points in geometric space. 'Useful information' at various scales of temporal horizon (including, e.g. immediate, affective, and episodic information) for embodied organisms is systematically considered in [9, 10].
Trajectories for Re-experiencing and Development
In the metric spaces introduced here, experiences lie in an abstract geometric space. Experiences similar to a given certain experience lie within a neighborhood of it having small radius, and increasingly less similar ones lie in concentric spheres of increasing distance in this space. The difference between experiences of the same temporal scope will now be measured in bits. The agent's possible experiences are covered by the union of such small neighborhoods centered on characteristic prototypical representative experiences, and the properties of the metric could serve to guide an agent in identifying an experience as (literally) close to another it has had, or in varying some of its actions slightly to explore other experiences that are (literally) nearby in this space.
By exploring the boundary of the known dynamics in such a metric space, an artificial developing agent could potentially expand its zone ofproximal development in the course of interacting with its physical and social environment, as in models of developmental psychology (cf. [19, 3] ). ' We envision future extensions that will include other internal variables less directly coupled to the environment. In what follows, we take M to be the set of proprioceptive sensors (read-write random variables, giving the agent's internal state and effector settings) and S to be set of exteroceptive variables (read-only variables, corresponding to sensors).
The local picture of experience at time to is the trajectory plot of the distance Ds of the sensory experience Es (t) to Es (to) vs. the distance DM of motor experience EM(t) to EM(to) as time t varies over the experience of the agent; that is, experience at time t is plotted as (D5(Ei'h, F-tn,h), DM(Etfh, Et'h)). By the Lemma, the distance in S of any experience at t from the experience at time to is its the sum of its x-and y-displacements from the origin in the local picture.
Remarks. (1) Distances from points in the plot from experience at to, the origin, are faithfully represented in the local picture. (2) Distances D(Et,h, Et,,h) between other points with t, t' $ to are not necessarily faithfully represented in the local picture, but are not closer than they appear, since by the triangle inequality, we have for all times t and t', D(E(t), E(t')) < D(E(t), E(to)) + D(E(to), E(t')).
Thus the right hand side of the inequality, the sum of the distances of t and t' to to, is an upper bound for the experiential distance between t and t'. (3) The set of experiences Br(E(to)) = {E(t): D(E(to)7E(t)) < r} less than r bits from E(to) are contained within the triangle bounded by the origin, (r, 0) and (0, r) in the local picture.
Br(E(to)) is called the ball ofradius r centered at E(to).
Continuous and Contracting Experiential Maps
The fact that D is a metric on experience gives a welldefined notion of continuous mapping on spaces of experiences. Suppose E and F are spaces of experiences of the same or different agents, of the same or different temporal scope, and F: S -+ is a function that associates to each experience E E S an experience F(E) E .F such that for all e > 0, there is a a > 0, such that D(E,E') < a implies D(F(E), F(E')) < c, then F is called continuous. Equivalently, continuity of F means that if F maps E to F(E), then F given any radius ball B,(F(E)) centered at F(E), no matter how small, must map some ball B6(E) centered at E to inside of B,(F(E)). In other words, F(Bs (E)) C Be(F(E)). Proof of (1): Since V' C V, we have Dv' (Ev , EV ) < D(E, E'). So for each e > 0, taking a = , we have that D(E,E') < S implies DV'(EV',EIV) < e. The more general case is similar. Proof of (2) 
D(F(E)I F(E')) < cD(E, E').
A contraction is always continuous as can be seen by taking By definition of contraction, we have
holds of all n > 0. Since 0 < c < 1, the limit as n goes to infinity is zero. is the Hausdorff metric on experiential sets. More generally, let 8 be the set of all non-empty, bounded experiential sets of given temporal horizon h for a given agent (or agents, if their sensorimotor variables jointly distributed at all moments of time under consideration).
Theorem 3 The Hausdorffexperiential metric dH is a metric on the set 8 of (unordered) bounded experiential sets with temporal scope h. Proof: The proof follows a standard construction of Hausdorff. Obviously, dH is symmetric. If dH (C, C') = 0 then 6(C, C') = 0 implying for each X E C that the minimum of d(X, Y) as Y ranges over C' is zero, i.e. each X E C is re-coding equivalent to something in C', whence C C C' 6This is a weakening of the standard contraction mapping theorem for complete metric spaces, which guarantees the existence of a fixed point for any contraction. The experiential metric spaces in general have not been shown to be complete.
7The definition of dH here has been simplified by using max and min instead of sup and inf. Given that only a finite number of estimate random variables with a fixed temporal horizon are accessible to the agent, this is justified by operational considerations where C and C' are always finite. 
Experimental Set-up
Sensorimotor variable data for a SONY AIBO robot wandering in a 2m x 2m environment were gathered previously to study information distance characterizations of sensorimotor interactions [6] . These data are reanalyzed here using the tools of the experiential metric introduced above for temporal horizons of size 20, 40, and 80. More details of experiments with robots and examination of other aspects of the temporal experiential metric is given in the companion paper [7] . Seventy-seven sensorimotor variables were partitioned into two classes (read-only) variables (41 "sensors") and (read-write) variables (36 "motors") -see Table 1 . Data from sensorimotor variables was sampled at approximately 10 times per sec. Figure 1 shows the trajectory of the robot in the arena lasting 90.3 seconds.
Experience Metric at Different Temporal Scales
Figures 2-6 illustrate the experiential information distance concepts discussed above for the temporal regions of experience ending at three different timesteps t = 220, 250, or 310 (rows) with increasing temporal horizon h of 20, 40, and 80 time units. Time is measured in units of 100 msec. Although there are large empty areas in the neighborhood of the sample experiences examined (with no experience within 1 bit/variable of the origin), the experiences which are nearest to E(to) in the local picture are qualitatively similar to E(to) from an external observer's point of view (e.g. walking, or turning if the robot was walking or turning during the temporal region at time to.)
Summary
We have introduced metrics for regions of experience having uniform temporal horizon grounded in the sensorimotor variables of an embodied agent. The experiential information distance, average experiential information distance, and Hausdorff experiential metrics were introduced, and continuity mapping and contraction properties were discussed, as well an introducing the local picture of the experiential metric space with respect to a particular experience, partitioning into sensory and effector components of the metric. Experiential metric spaces can be constructed at various sizes of temporal horizon h. Hierarchical or multiscale elaborations of the approach taken could make use of the natural continuous temporal extension maps between graphs of experiential trajectories with different temporal horizons. Applications for grounding the ontogeny of artificial embodied agents were suggested, and illustrations of some of the concepts on data from the experiences of a physical robot were presented.
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